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SUMMARY
The two RNA species of tobacco ringspot virus (TRSV) had about the same radioactivity per molecule when iodinated by treatment with NaX25I and chloramine T. The radioactivity was not separated from the RNA by heating for I min at 70 °C in lOO% formamide followed by rate zonal sedimentation in sucrose density gradients containing SDS, or by equilibrium centrifugation in caesium trichloroacetate, indicating that the labelled material is covalently linked to the RNA; these treatments had little effect on infectivity. Incubation with Pronase or proteinase K made 90 to 97~o of the radioactivity soluble in 70% ethanol, but did not noticeably alter the size of the RNA molecules. Polyacrylamide gel electrophoresis of acetone-precipitable material, liberated from the RNA by ribonuclease treatment, revealed a radioactive component with the mobility of a polypeptide of mol. wt. about 4ooo. The protease-sensitive structure" previously shown to be needed for infectivity of TRSV-RNA probably is the covalently linked polypeptide now detected.
The genome of tobacco ringspot virus (TRSV) consists of two RNA species, RNA-I (2.4× ~o G daltons) and RNA-2 (1-4× io 6 daltons), which are contained in different, serologically indistinguishable particles (Diener & Schneider, I966; Murant et al. I972 ) . Both RNA species contain polyadenylate, apparently at the 3' ends of the molecules (Mayo et al. I979) , and both are required for infection (Harrison et al. I972) . Recently, the infectivity of preparations of TRSV-RNA was found to be abolished by incubation with Pronase or proteinase K, indicating that a peptide-containing structure associated with the virus RNA is needed for infection (Harrison & Barker, 1978) . The sizes of RNA-I and RNA-2 were not noticeably altered by these protease treatments, and the protease-sensitive structure apparently was not exchanged between u.v.-irradiated and proteinase K-treated RNA molecules.
These results suggested that TRSV-RNA may have a covalently-linked protein analogous to the 'genome protein' which was found at the 5' end of the RNA molecules, first of poliovirus (Lee et al. I977; Flanegan et al. 1977 ) and later of other picornaviruses (Sangar et al. I977; Burroughs & Brown, 1978; Golini et al. J978; Hruby & Roberts, I978) and of cowpea mosaic virus (Daubert et al. 1978; Stanley et al. 1978) . In this paper we provide evidence which substantiates this analogy.
TRSV particles (isolate from blueberry) were purified, and RNA was extracted using phenol and SDS, as described by Harrison & Barker 0978) ; the RNA was then stored at -t 8 °C as a suspension in 7o% ethanol. RNA of tobacco mosaic virus (TMV) was obtained as described by Mayo et al. (I979) . Virus RNA was iodinated by two methods. In the first (S. J. Martin, personal communication), about I5o/zg RNA dissolved in 8o/zl o.o4 Msodium phosphate, pH 7"4, were mixed with 8/zl o'o53 M-NaI and about 2oo/zCi N1125I (carrier free, Radiochemical Centre, Amersham) and lO/zl chloramine T (9 mg/ml) for I to 2 min at room temperature. The reaction was stopped by adding IO/zl 1% NaI+ Rate zonal sedimentation of TRSV 125I-RNA in ~o to 40 % sucrose gradient. RNA was heated for I min at 7o °C in IOO% formamide, diluted fivefold in o'i % SDS in TNE and centrifuged in this buffer at 2oooo rev/min for I5'5 h at 25 °C in a SW5o.I rotor. RNA was collected from this gradient and treated again with formamide and sedimented in a second sucrose gradient. Fractions were collected from the bottom of the tube. The upper trace is the absorbance of diluted fractions; the lower trace is the radioactivity in representative samples. Sedimentation was from left to right. (b) Sedimentation of TRSV 125I-RNA to near equilibrium in caesium trichloroacetate. RNA was purified as in (a) and then dissolved in IOO #10"o3 M-tris chloride, o'oo2 M-EDTA, pH 7'5, and floated on three layers, each of o-6 to o.8 ml, of caesium trichloracetate (p = P58, I'7 and I'82 g/ml). Centrifugation was for t6 h at 45ooo rev/min at 25 °C in a SW5oA rotor and fractions were collected from the bottom of the tube. Sedimentation was from left to right and densities were determined from refractive indices (Burke et al. I978) . (c) Electrophoresis of TRSV a2~I-RNA in 2'2 % polyacrylamide+o.5 % agarose gel. RNA was purified by two treatments with formamide each followed by sedimentation in a sucrose gradient, and dissolved in 4o ffl 8 M-urea, + o ' 2 % SDS in o'03 M-NaH2PO~, o'o36 M-tris, O'OI M-EDTA (TPE), heated at 6o °C for IO min and then electrophoresed in o-2 % SDS in TPE for about 2 h at Io V/cm. The absorptiometer scan is plotted on an arbitrary scale (dotted line). Slices 0 mm thick) of the gel were extracted with o'5 ml Protosol (N.E.N. Ltd)+water (9: I, v/v) at 37 °C for I6 h, mixed with to ml Econofluor (N.E.N. Ltd) and counted. Electropboresis is from left to right. (d) Electrophoresis of l~SI-labelled SDS and ~o#1 I-5% sodium metabisulphite, and the 125I-RNA was separated from the mixture by chromatography on Sephadex G-25 in 1% NaI + I ~o SDS. 125I-RNA was then precipitated several times with 7o% ethanol, dissolved in IOO% formamide, heated at 70 °C for I rain and cooled rapidly by fivefold dilution in oq M-tris-C1, o'I M-NaC1, o.ooI M-EDTA (TNE) containing o.1% SDS, pH 7"5. The RNA was sedimented for 15 to I6 h at 2o to 25 °C in a Beckman SW5o.~ rotor at 2oooo rev/min in Io to 4o% sucrose density gradients prepared in the same buffer, and the fractions containing R N A q and RNA-2 were collected. TRSV-RNA labelled in this way had a specific activity, determined by scintillation counting in Biofluor (N.E.N. Ltd), of about 9oo to tIoo ct/min/#g RNA, and its specific infectivity was about half that of untreated RNA.
In the second method of iodination (Daubert et al. ~978) , 2oo to 25o #g RNA, dissolved in Ioo #I o"o4 M-sodium phosphate, pH 7"4, was mixed with about 2 o o # C i Na125I and To #1 chloramine T (I mg/ml in o.2 M-sodium phosphate, pH 7"4) for about 2 rain at room temperature. The reaction was stopped by adding I o # l o.~% sodium metabisulphite followed, after 5 min, by o'75 ml water, a further 2o #1 sodium metabisulphite and 20/zl 1% N a I + 1% SDS. The labelled R N A was precipitated several times with 7o % ethanol and then heated in formamide and purified by sedimentation in sucrose density gradients, as already described.
The specific activity of TRSV-RNA labelled in this way, IOOOO to 2oooo ct/min//zg, was much greater than that of R N A iodinated by the first method. However, because no nonradioactive iodide was added to the x25I, only about o'3 % of R N A molecules, at the most, were iodinated. In comparison, T M V -R N A iodinated by the same method had a specific activity of only about 5oo ct/min/#g.
Incubation with Pronase [Koch-Light; r mg/ml in o. 15 M-NaC1 + o.o 15 M-sodium citrate (SSC) containing 0"5 % SDS for ~6 h at 37 °C, as described by Harrison & Barker, I978] or R N A labelled by the first method did not change the pattern of migration of the R N A on electrophoresis in acrylamide gels but made about 7o % of the counts soluble in ethanol, indicating that Pronase released about one iodine atom per R N A molecule. After treatment for 2 h at 37 °C with RNase A (Sigma; IO #g/ml) + RNase TI (Boehringer Mannheim; Io units/ml) in o.2 M-NaC1, o.I M-tris-Cl, o.oI M-EDTA, pH 7"2, about 7o% of the radioactivity remained insoluble in 9o % acetone at -18 °C. These results suggested that the R N A preparations contained protein which became iodinated.
Using material iodinated by the second method, tests were made to study the firmness of attachment of the radioactivity of TRSV-RNA. When the R N A was again heated in formamide and sedimented in sucrose gradients the radioactivity coincided with the peak of R N A -I + R N A -2 (Fig. Ia) . In further experiments the R N A was sedimented to near equilibrium in caesium trichloroacetate (Burke et al. I978) . This compound was prepared from caesium carbonate (Burke & Bauer, I977) and solutions were buffered by dilution in o'o3 M-tris-C1 + o.oo2 M-EDTA, pH 7"5. R N A was dissolved in this buffer, heated at 6o °C for to min and floated on layers of increasing density and centrifuged in a SW5o. I rotor for protein in 20 % polyacrylamide gel. TRSV 125I-RNA was purified by sedimentation in a sucrose gradient and then hydrolysed with RNase A (Io,ug/ml)+ RNase T1 (lo units/ml) in o'2 M-NaCI, o'I M-tris-Cl, o-oi M-EDTA, pH 7'2, for 2 h at 37 °C. l~SI-protein was precipitated with 9 vol. acetone and dissolved in 2 % SDS, o-1% dithiothreitol, 15 % glycerol, o'05 M-tris chloride, pH 6"8, and heated at I oo °C for 2 min. Electrophoresis was in 20 % polyacrylamide + o'5 % bis-aerylamide gel using a discontinuous buffer system (Laemmli, ~97o) in a slab apparatus. The part of the gel containing tool. wt. markers was stained and that containing l~5I-protein was dried without fixation and exposed to Kodirex X-ray .film (Kodak Ltd). A plot of microdensitometer readings obtained from the autoradiogram is shown. The too!. wt. of the markers shown (myoglobin and two of its cyanogen bromide fragments) are (I) x7ooo, (2) 6200, and (3) 25oo. * RNA was labelled by the second, carrier-free, method and purified by treatment in formamide, and sedimentation in sucrose gi:adients containing SDS, followed by sedimentation to near equilibrium in caesium trichloroacetate.
t RNA was dissolved in either o'5 % SDS in SSC (buffer) or buffer containing I mg/ml Pronase (kept at 37 °C for 2o min at 2 mg/ml in buffer before use), kept at 37 °C for I6 h, and then mixed with 2'5 vol. ethanol at -I8 °C for at least 5 h.
Ct/min in the supernatant fluid after centrifugation at 3ooo rev/min for IO rain.
about I6 h at 45000 rev/min and 25 °C. Again the radioactivity was confined to the fractions containing R N A (Fig, I b) . These results indicate that the iodine-labelled material is covalently bonded to TRSV-RNA. When TRSV-RNA from the band obtained in caesium trichloroacetate was incubated with Pronase or proteinase K (Boehringer Mannheim; I mg/ml, conditions as for Pronase), 9 o to 97 % of the radioactivity became soluble in 7o % ethanol whereas this treatment liberated relatively few counts from T M V -R N A (Table I) .
Furthermore, after similar samples of R N A were treated with RNase A and RNase TI about 90 % of the radioactivity in TRSV I~SI-RNA, but only about IO % of the radioactivity in TMV lzSI-RNA, was insoluble in 90 % acetone. We therefore conclude that nucleotides, such as CMP (Shaposhnikov et aL I976) , were relatively inefficiently labelled by the second method of iodination (about z x IO -8 moles iodine per mole of nucleotide) and that most of the radioactivity in preparations of TRSV 125I-RNA is in Pronase-sensitive, ribonucleaseresistant material.
In further tests TRSV-RNA, previously treated twice with formamide at 70 °C followed each time by sedimentation in a sucrose density gradient containing SDS, was heated to 60 °C for IO rain in buffer containing 8 M-urea (Murant et al. 1972 ) and analysed by elect:ophoresis in 2"2 ~o polyacrylamide+o.5 % agarose gels. The results show that both R N A species are radioactively labelled and that the specific activity (total radioactivity/area under the peak of u.v. absorbance) of RNA-2 is almost exactly twice that of RNA-I (Fig. I e) . The amount of radioactive, Pronase-sensitive material attached per molecule of TRSV-RNA is therefore about the same for the two RNA species. A plausible explanation of this result is that a protein is covalently linked to a specific site on each RNA species.
To search for such a protein, TRSV 125I-RNA was treated with RNase A + RNase TI and the acetone-precipitable material subjected to electrophoresis in polyacrylamide gels (2o% acrylamide, o'5% bis-acrylamide) as described by Daubert et al. (I978) . The radioactive material migrated as a relatively broad zone, estimated by reference to marker polypeptides [cytochrome c (Sigma) and tool. wt. markers of 25oo to I7OOO (B.D.H. Ltd)] to have the mean mobility of a polypeptide with a tool. wt. of 40oo (Fig. I d) . A similar estimate was obtained in a I2-5 % acrylamide gel containing 8 M-urea (Swank & Munkres, I97I) .
When TRSV R N A was treated with formamide and sedimented in sucrose gradients containing SDS or was sedimented in gradients of caesium trichloroacetate, the specific infectivity of the RNA remained greater than half that of the initial RNA preparation. This indicates that the protease-sensitive material needed for infectivity is covalently linked to TRSV-RNA, and strongly suggests that this material is indeed the iodine-labelled, RNaseresistant molecule that behaves like a polypeptide with a mol. wt. of 4ODD.
The genome proteins covalently attached to the RNA of poliovirus (Lee et al. I977 ), foot-and-mouth disease virus (Sangar et al. I977) , rhinovirus (Golini et al. 1978 ) and cowpea mosaic virus (Daubert et al. 1978; Stanley et al. I978) , like the genome-linked protein of TRSV, have mol. wt. (estimated by gel electrophoresis) of 4ooo to 6ooo whereas those of EMC virus (Golini et al. I978 ) and vesicular exanthema virus (VEV) (Burroughs & Brown, I978) have mol. wt. of about IOOOO. However, only with the RNA of TRSV and VEV is infectivity known to be abolished by incubation with proteases (Harrison & Barker, I978; Burroughs & Brown, I978) . The function(s) of these genome-linked proteins are not yet understood, but may prove to be easier to study in systems where the proteins are prerequisites for infectivity.
Our findings provide further evidence of the general similarity in structure of the RNA molecules of TRSV, picornaviruses and cowpea mosaic virus. Not only do all possess genome-linked proteins but also TRSV-RNA (Mayo et al. I979) , like the RNA of the other viruses (Shatkin, I974; E1 Manna & Bruening, 1973) has 3'-terminal polyadenylate. These parallels suggest there is an underlying similarity in the way the genomes of these viruses function.
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